The relaxor based ferroelectric (1 À x)Pb(Zn 1=3 Nb 2=3 )O 3 -xPbTiO 3 and (1 À x)Pb(Mg 1=3 Nb 2=3 )O 3 -xPbTiO 3 single crystals provided new challenges in property characterization because their extraordinarily large piezoelectric coefficients and electromechanical coupling coefficients. Large errors may occur in some of the derived material constants using conventional characterization techniques. This paper will analyze the inadequacy of the traditional characterization methods and provide some basic guidelines for properly characterizing piezoelectric materials with extremely high piezoelectric and electromechanical coupling coefficients.
Introduction
The relaxor based (1 À x)Pb(Zn 1=3 Nb 2=3 )O 3 -xPbTiO 3 [PZN-PT] and (1 À x)Pb(Mg 1=3 Nb 2=3 )O 3 -xPbTiO 3 [PMN-PT] domain engineered single crystal systems exhibit superior electromechanical property compared to PZT ceramics, which have been dominating piezoelectric applications for more than 40 years. Due to the extremely attractive application potential of these new single crystal piezoelectric materials in making ultrasonic transducers and piezoelectric actuators, extensive studies have been conducted on these crystals in recent years [1] [2] [3] [4] [5] [6] . For both fundamental study and device design purposes, it is necessary to measure the complete set of elastic, piezoelectric and dielectric constants of these crystals. Although the methods presented in the IEEE standard for piezoelectric crystal characterization have been exclusively used in the past, such methods have encountered difficulties when applied to these PMN-PT and PZN-PT crystals. First, the extraordinary large piezoelectric coefficients d 33 and d 31 make some conversion formulae unstable [7, 8] . Second, because several samples are needed to obtain all of the independent constants for these anisotropic materials, serious property fluctuations from sample to sample in these systems often make it impossible to obtain a selfconsistent data set. Third, the properties of the multidomain single crystals strongly depend on their domain structures. Every sample needs to be poled after cutting, lapping and polishing, because these mechanical processes on poled samples may change their domain structures. Thus, every sample should have a pair of (0 0 1) faces available after cutting. This restricts the number of possible sample orientations. Hence, some elastic constants, such as the elastic constant c E 13 , cannot be determined directly by sound velocity measurements.
This paper is devoted to analyze the errors and problems encountered in the characterization of PZN-PT and PMN-PT single crystals using different methods. Based on this analysis, an optimum measurement strategy (OMS) for determination of a full set of material constants for these new piezoelectric crystals is formulated. The analysis and physical principles are valid in general for characterization of piezoelectric materials with very large piezoelectric and electromechanical coupling coefficients.
Measurement procedure
Following the same argument in previous studies [1] [2] [3] [4] [5] [6] [7] [8] [9] , we treat the [0 0 1] poled PZN-PT and PMN-PT single crystals as pseudo-tetragonal with 4mm domain pattern symmetry. The fourfold axis is along the poling direction, i.e., [0 0 1] direction of parent cubic system. For the 4mm symmetry, there are total 11 independent material constants to be determined: 6 elastic, 3 piezoelectric and 2 dielectric constants. It is assumed that the free dielectric permittivities e T 11 and e T 33 are determined by capacitance measurements prior to the determinations of elastic and piezoelectric constants which are obtained by either ultrasonic or resonance method (RM).
Combined ultrasonic-resonant method
The details of combined ultrasonic-resonant method (CURM) are given in Refs. [7] [8] [9] [10] . For characterization of 4mm piezoelectric crystals, five samples are usually employed: (1) 
Resonance method
The RM recommended by IEEE standard has been used to measure PZT ceramics with symmetry of 1m, for which the number of independent material constants are the same as that of 6mm symmetry. The useful compositions of PMN-PT and PZN-PT systems have 3m rhombohedral symmetry, but the engineered domain structures have macroscopic symmetry of 4mm. Since radial mode does not exist for 4mm symmetry crystal, sample geometries different from those used in the measurements for 6mm crystals are prepared. Usually five samples are prepared. . From the measurements of series (resonance) and parallel (anti-resonance) resonance frequencies of these resonators, the material constants that can be directly determined by RM are listed in Table 2 . The above analysis tells us that sometimes the error of a derived constant depends not only on the relative errors of measured quantities, but also on the absolute amplitude of these measured quantities and the calculation formula used. In some formulae, the error magnification factor often has the form of x=ð1 À xÞ or x 2 =ð1 À x 2 Þ. These factors will rapidly increase as x approaches 1. This fact provides a serious challenge to the accurate characterization of material properties for these new piezoelectric crystals because the coupling coefficient k 33 is very close to 1 and the piezoelectric and dielectric coefficients are also very large.
The RM can measure elastic constants s (1) and (6) . In order to derive s E 13 and s E 12 the following calculation procedure is used [11] :
First, the clamped dielectric permittivity e S 33 is determined through the capacitance measurement of [0 0 1]-plate at a frequency far above its first parallel resonance. Then, the piezoelectric stress constant e 33 is calculated by
Usually, e With all of the above considerations, an OMS for determination of elastic and piezoelectric constants of PMN-PT and PZN-PT multi-domain single crystals may be as follows: (1) Use CURM to obtain 14 constants as described above. (2) e 33 is determined through the measurements of electromechanical coupling coefficient k t and clamped dielectric permittivity e Table 6 .
Fundamental principles for the elimination of unphysical data
The complete set of material constants shown in Table 6 is apparently self-consistent. But it is not guaranteed for the data to be physically reasonable because our OMS cannot eliminate the errors caused by property fluctuations from sample to sample. For the PMN-PT and PZN-PT multi-domain systems, we have used the following principles in discarding unreasonable data:
1. Energy conservation demands the electromechanical coupling coefficients to be always less than 1. Thus, large piezoelectric constants d ik or e ik demand large dielectric permittivity e ij . After a full set of constants has been determined, the electromechanical coupling coefficients for any vibration mode can be calculated. If any of these coupling coefficients is larger than 1, related data are in question. 2. When an elastic material deforms, the continuity requirement of matter must be satisfied. For example, PoisonÕs principle requires that all three dimensions cannot expand (or contract) at the same time under
Thus, one should try to use samples with the same chemical composition (may be from different crystal boule) and the least number of samples if possible. Resonant ultrasonic spectroscopy technique [14] may be a possible way to resolve this problem since a complete set of material constants can be obtained by using only one sample. Finally, the guidelines presented in this paper are useful for checking the physical soundness of the data set to help eliminate unphysical data.
